Motivation: PCR amplification of highly homologous genes from complex DNA
Introduction
Advances in environmental microbiology have generated a completely new perspective on microbial diversity (Ward et al. 1990; Curtis et al. 2002; DeLong, 2001) . In fact, an astonishing number of novel candidate bacterial divisions are being proposed based solely on PCR amplified 16S rRNA gene sequences retrieved from environmental samples (Hugenholtz et al. 1998; Pace, 1997) .
PCR amplification is the standard means of detecting and identifying microorganisms in complex, natural environments. Amplification biases and chimeric sequences have been reported to occur during DNA amplification by PCR from mixtures of sequences, such as environmental DNA samples (v. Wintzingerode, 1997; Suzuki and Giovanonni, 1996) . Chimeras are usually PCR artefacts resulting from a prematurely terminated amplicon when it reanneals to a different template DNA and is copied to completion based on this second parental sequence (Wang and Wang, 1996) . A chimeric sequence, or chimera, is comprised of two or more phylogenetically distinct parental sequences. Chimeras are a serious concern in culture-independent surveys of microbial communities because they suggest the presence of non-existing microorganisms (von Wintzingerode et al. 1997) , above all if one considers that most microorganisms in nature are unculturable (Ward et al. 1990; Pace, 1997) .
The occurrence of chimeric sequences weakens the base of the currently accepted model and of the evidence it has produced for a large microbial diversity on our planet (Curtis et al. 2002; Hugenholtz et al. 1998; Ward et al. 1990 ).
In view of the above scenario, there is a need for computing initiatives capable of evaluating whether an amplified PCR product represents a chimera. Several methods have been proposed to detect chimeric sequences, such as different variants of the nearest-neighbour method (Robinson-Cox et al. 1995; Komatsoulis and Waterman, 1997; Cole et al. 2003) , of which the most frequently used is 'Chimera Check' (Cole et al. 2003) , or the recently introduced 'Bellerophon' (Huber et al. 2004 ). Most of these methods are based on the principle that a chimera should show different phylogenetic relationships depending on the part -beginning or ending -of the sequence to be analyzed.
This approach has been successful in the detection of numerous chimeras both from natural studies (Robinson-Cox et al. 1995; Komatsoulis and Waterman, 1997) and from DNA databases (Hugenholtz and Huber, 2003) . However, there is no strategy to decide whether those sequence are in fact chimerical or not.
This study analyzes the problems involved in detecting and evaluating chimeric sequences, suggesting an alternative approach based on known variabilities among related sequences.
Method
Classifying a query sequence as chimeric or non-chimeric is no simple matter.
In essence, the problem can be reduced to the need to evaluate the added variability introduced by a query sequence within a set of reference sequences (the closest relatives to the query sequence). To analyze a putative chimeric sequence, a set of the closest sequences available in the databases should be obtained. A comparison of these reference sequences provides the variability within references which is to be compared with the existing variability between query and reference sequences. These comparisons are performed on fragments of the full length sequences and evaluation of the possible origin of these fragments should confirm or discount a chimeric origin for the sections of a full sequence. For any comparison among sequences, a reliable alignment is an absolute requirement.
A chimeric sequence is composed of at least two partial sequences from different real genes. Chimeric sequences comprising more than two partial sequences are frequently found, resulting in cross-over artefacts. In order to detect a differential origin between portions of sequences, sequences are examined by fragments (words). These fragments may be of a selected size (word length) depending on a number of factors such as type and length of the sequence to be analyzed. This approach is based on the differential variability between areas of aligned sequence sets, and so the results are independent of the existence of conserved or variable regions. Pairwise comparisons of aligned sequences are performed and the total distance per word is estimated for each. Distances among reference sequences are expected to be lower than distances between query and reference sequences for each word belonging to a chimeric fragment. Similar distances should exist when the non-chimeric portion of a sequence is to be compared. Thus, the ratio avgQ/avgR should be equal to or greater than one (avgQ/avgR >= 1).
A decision on the chimeric/non-chimeric origin of a query sequence is adopted based on a 95% confidence limit of avgQ and a test of analysis of variance (Sokal and Rohlf, 1981) . Each word is suggested to be a chimeric sequence fragment if avgR is lower than the confidence limit around avgQ. Confidence limits were calculated as avgQ ± t·sdQ (Sokal and Rohlf, 1981) , where avgQ and sdQ are the average and standard deviation, respectively, and t is the tstudent critical value for n -1 degrees of freedom where n is the total number of pairwise comparisons between query and reference sequences. A second criterium for suggesting that a word could have a chimeric origin is based on a test of analysis of variance (ANOVA). ANOVA is performed among two sets of data. One set represents distances between reference sequences and another is constituted by distances between query and reference sequences.
A program written in C, Ccode (Chimera and Cross-Over Detection and Evaluation), performs the above procedure. Ccode is freely available at http://www.irnase.csic.es/users/jmgrau/index.html and http://www.rtphc.csic.es/download.html. The closest relatives to the query sequence were considered as reference sequences. Reference sequences were obtained using the blastn algorithm (Altschul et al. 1990 ) at the NCBI (http://www.ncbi.nlm.nih.gov/BLAST/). Multiple alignments were performed by clustalW1.82 (Thompson et al. 1994 ) followed by manual inspection of its results. Scripts are available at the address given above to automatize the process of alignment and chimera evaluation for multiple query sequences.
Results
The protocol outlined in this report has been tested on a number of sequences.
For example, the absence of chimeras among eighteen 16S rDNA sequences was confirmed during microbial surveys of Acidobacteria in hypogean environments (Zimmermann et al. 2004 [submitted] ; Table 1 ). Evaluation of the results provided by Chimera Check (Cole et al. 2003 ) on these sequences also suggested the absence of chimeras in that dataset. These sequences were confirmed to be non-chimeric after comparison with recently found sequences in other environments. In addition, we have performed a screening of the sequences from databases suggested as putative chimeras by Hugenholtz and Huber (2003) . Among the 39 sequences suggested by these authors, we could confirm all of them as chimeric DNA by the procedure proposed in this study.
Using the programme Chimera Check (Cole et al. 2003) we could only detect 46% of the sequences proposed by Hugenholtz and Huber (2003) as chimeras.
Thus, the proposed procedure (Ccode) has been successful in confirming a number of chimeras. As an example, difficulties were encountered in showing the chimeric origin of sequence AF253224 because the database contained a highly related and unreported chimeric sequence, AF253225, which had to be removed from the set of reference sequences previous to any screening for a chimera with the query sequence. A summary of the results on chimeric sequence detection using different strategies (Ccode, Chimera Ceck, and Bellerophon) is reported in Table 1 . In addition, a number of potential chimeras were indicated by using Bellerophon (Huber and Hugenholtz, 2004 ) and screened using Ccode and Chimera Check. Ccode (this study) was able to confirm about 35% of sequences as chimeras while Chimera Check (Cole et al. 2003 ) only detected chimeras for about 19% of the tested sequences. This confirms the complementarity, and non-exclusiveness, of the different chimera detection strategies.
Discussion
In this study, we propose a strategy for evaluating chimeric sequences; it is based on the distances shown by fragments of a query sequence when compared to closely related reference sequences from databases, in the framework of pairwise comparisons among those reference sequences. It is assumed that selected reference strains limit the extent of variability allowed within a phyletic group. This variability is analyzed by words of a freely selectable length, so foreign fragments can be detected. The detection is based on the added variability introduced by a query sequence; if the query sequence is a chimera, it would introduce high variability while a related reference sequence will only represent a minor added variation to the analysis. Both chimeras and erroneous PCR amplifications can be detected using this strategy, always with reference to the distance detected among the closest relatives from public databases. This procedure considers the variability specific to certain regions of the tested sequence type (i.e., rRNA gene sequences) since both conserved and variable regions are found in almost every known gene or DNA fragment and this is also the case for the rRNA genes (de Rijk et al. 1995) .
A correct evaluation of chimeric sequences is influenced by the selection of adequate reference sequences and an accurate multiple sequence alignment.
Reference sequences should represent the closest relatives to the query sequence indicating the acceptable range of variability in the phylogenetic group to be considered. It is advisable to ensure the absence of chimeric sequences within the reference sequence set since they would invalidate the analysis by introducing extra variability notwithstanding the real distances existing within the phylogenetic group being considered. The existence of chimeric sequences in public DNA databases is known (Hugenholtz and Huber, 2003) , although the development of novel strategies for the detection and evaluation of chimeric sequences (Huber and Hugenholtz, 2004; and this study) will hopefully overcome this drawback. As with any comparative analysis to be performed among sequences, an alignment ensuring accurate base-to-base comparisons is of outmost importance. Results generated from poorly aligned sequences will lack any significance. Thus, we recommend manual inspection and editing of the alignments before any decision on the chimeric nature of a sequence is reached.
The program performing the strategy for chimera evaluation proposed in this study can analyze sequences for any required word length. Generally, values of 5-20% of sequence length appear to deliver accurate results, for example, working on 16S rDNA sequences with a full length of around 1500 nucleotides.
It should be noted that the use of fragments either too long or too short might result in a reduction of sensitivity.
Several strategies for the detection of chimeric sequences have been proposed Chimera Check and Bellerophon) (Cole et al. 2003; Huber and Hugenholtz, 2004) provide results that require further evaluation by the researcher. In this study, the proposed strategy, performed by Ccode, provides tests of significance leading to a simple discrimination of chimera sequences.
The existence of a too diverse reference set of sequences is likely to impact negatively on meaningful detection of chimeric sequences by any proposed computational method. Closely related sequences, which could be adequate candidates for reference sequences, often show relatively high percentages of similarity over their full sequence length (as provided by the Blast algorithm [Altschul et al. 1990] ). Chimeric sequences frequently exhibit percentages of similarity (over full sequence length) to closest relatives around the species threshold (97%; Roselló-Mora and Amann, 2001). Thus, considering as putative chimeras only those sequences showing similarity percentages below 97% (e.g., Chelius and Moore, 2004 ) is a precarious assumption.
Although sequence variability within phylogenetic groups is the only existing reference for assessing whether or not a sequence has a chimeric origin or is the result of crossing-over having occurred during PCR, the use of the known biodiversity as a tool for further analysis might introduce potential analytical problems. At present, a large portion of the biodiversity on our planet is known but it has been suggested that organisms yet to be discovered represent a major fraction of total microbial richness (Curtis et al. 2002) . Thus, the existence of unknown diversity could imply a reduced set of the actual variability for evaluating a chimera; this could lead to the classification of a sequence as a chimera which might simply be among the unknown, but actual, biodiversity.
This selection of false positives appears as a minor error in today´s growing DNA databases, but it needs to be considered, since the selection of nonchimeras as chimeric sequences could impede progress in understanding the actual diversity existing on the planet. Nevertheless, environmental molecular surveys are rapidly expanding DNA databases (i.e., Cole et al. 2003 ) and the possible problem will be significantly diminished over time.
Besides the potential challenges reported above, at present, there is a clear need for chimera-evaluating initiatives (von Wintzingerode et al. 1997; Cole et al. 2003; Huber and Hugenholtz, 2003 ; this study). The risk involved in accepting chimeric sequences representing non-existing organisms is far higher than the possibility of discriminating some non-chimeric sequences in the process. DNA amplification by PCR is the basis for the analyses performed during environmental molecular biodiversity surveys (Ward et al. 1990; Pace, 1997; von Wintzingerode et al. 1997) , and so the risks due to PCR-derived artefacts are continuously increasing. Thus, the present and future initiatives to detect and evaluate putative chimeric sequences are required and should complement any molecular biodiversity survey to be carried out on environmental samples. Table 1 . Comparative results showing the percentage of detected chimeras for various sets of sequences. Chimera detection was performed by using three independent methods: Chimera check (Cole et al. 2003) ,
Conclusion
Bellerophon (Huber and Hugenholtz, 2004) , and Ccode (this study).
Chimera detecting programme
Sequence data set Ccode Chimera Check A. Number of pairwise comparisons between reference sequences = 10, and between query and reference sequences = 5. Results of ANOVA are given for the degrees of freedom between brackets.
